Service units used in precision agriculture are able to improve processes such as harvesting, 19 sowing, agrochemical application, and manure spreading. This two-part work presents, a path 20 tracking controller based on an algebraic approach for an articulated service unit, suitable for 21 embedded applications, and its implementation to a hierarchical navigation strategy to aid a 22 manual harvesting process. The path tracking controller approach can be scaled to several trailers 23 attached to the service unit. For harvesting, the service unit drives within an olive grove 24 environment following the previously developed path and a trailer is used as a mobile hopper 25 
Introduction 36
Over recent years, agriculture in Chile has experienced serious challenges affecting its 37 productivity including low water resources, loss of agricultural land due volcanic eruptions and 38 earthquakes. The mining industry has also offered challenges by offering better salaries and more 39 stable jobs, causing agricultural workers to migrate to mining areas. Thus, to improve 40 agricultural productivity and competitiveness, it has become necessary to introduce and develop 41 agricultural automation; more specifically to seek to introduce robotic machinery (i.e. automated 42 service units) for both primary (harvesting, seeding, fertilising, spraying) and secondary tasks 43 (grove supervision, weed detection, hauling, mowing). However, there are several unsolved 44 issues that must be considered in the implementation of automated service units, (named as co-45 robot by the USA National Science Foundation), such as the interaction of the units with field 46 workers, manoeuvring problems when operating in groves (considered as unstructured and 47 constrained environments), task scheduling, accurate and robust environment understanding 48 (localisation, mapping and scene classification), identification of terrain regions for safe 49 traversing, and efficient manoeuvring and slippage handling. These problems directly affect 50 agricultural productivity and they have still not been fully addressed despite recent research. 51
With the continuous increase in world population and the stresses that this places on food 52 production, agricultural tasks are being modernised in order to increase agricultural production 53 despite the decreasing supply of field workers found in some countries (Noguchi et al. (2004) ). 54
Over the last two decades, the robots have shown to be efficient tools for improving agricultural 55 tasks developing what is known as precision agriculture (Lee et al. (1999) robotic tractor for operation in precision agriculture for tasks such as pesticide application or 61 crop scouting. The tractor contained a differential global navigation satellite system (GNSS) 62 receiver, vision systems and an on-board computer for information processing and control. In 63 cutting flower pedicels was presented. Tanigaki et al (2008) proposed a cherry-harvesting robot 65 that automatically collects cherries but does not navigate autonomously along the orchard alleys. 66
The system was aided by an infrared vision sensor to detect the cherries. Murakami et al. (2008) 67 presented a tele-operated manure spreader for planar terrains; the vehicle incorporated an 68 omnidirectional vision system to aid the tele-operation process but in this application, the motion 69 of the vehicle was governed by an operator. An automatic guidance system for white asparagus In this context, an asymptotically stable path tracking controller, based on an algebraic 106 approach, is presented for use in an articulated robot. The algebraic formulation of the controller 107 makes it suitable for embedded applications. The articulated service unit used in this work was 108 an unmanned vehicle with a passive trailer attached to it. Therefore, the control commands wereonly generated for the service unit. The service unit incorporated a laser range sensor, odometry 110 sensors and an real time kinematics (RTK) and a GNSS receiver that estimated the pose -position 111 and orientation-of the unmanned vehicle. The trailer had a load cell help to build yield maps of 112 the olive trees plot and provide a heading sensor. In addition, a precision agriculture case study is 113 presented. It is based on the implementation of the path tracking controller for an olive 114 harvesting aid for field workers. In order to do so, a navigation strategy was implemented. The 115 navigation strategy can be divided into three main stages: harvesting, the full load situation and 116 emergency stops. The first stage was associated with the harvesting process: the concept was that 117 as the service unit navigated along the alleys of the olive grove, the workers deposit harvested 118 olives in the trailer. When the trailer detected a full load situation, it re-planned the path in order 119 to reach the shelter as soon as possible where it unloaded the olives. Once the trailer was empty, 120 the service unit returned to the olive field to continue the harvesting aid. If a field worker was 121 detected as being close to the service unit during its navigation, the vehicle stopped its motion in 122 order to protect the worker's integrity and its own. Once the path was clear again, the service unit 123 continued its navigation. Several real time experiments were included in order to show the 124 performance of the concept. Also, as the trailer was equipped with a load cell, weight data was 125 acquired and geo-referenced in order to map the mass spatial distribution of yield in the grove. 
159
The service unit was equipped with a guidance computer based on a standard industrial PC 160 with an Intel Core 2 Duo L7500 1.6 GHz processor and 2 GB RAM of memory. The additional 161 guidance computer accepted longitudinal velocity and heading commands from the path tracking 162
controller. The general system architecture of the system is shown in Fig. 2 . As can be seen, the 163 two computers were networked, one for processing low level information (encoders' readings, 164 inertial module unit's readings, and pay-load reading) and a second computer for processing 165 exteroceptive information, such as the LiDAR readings or calculating control actions. In this 166 work, the LiDAR was only used for acquiring exteroceptive information from the environment, 167 as will be shown in section 3. 168 
222
In Eq. (6), the angle that accomplishes the condition, will be named as . From Eq. 223 
225
In addition, according to Eq. (5) and Eq. (6). 226
227
and re-arranging the terms of Eqs. (7) and (8) 
233 Therefore, 234
In Eq.  Once the trailer of the service unit is empty, the mobile system returns to the olive grove 251 and continues the harvesting process, from the point in the environment where it remains. 252  The path followed by the vehicle for harvesting or unloading olives, is a previously 253 defined path. 254
Each step of the application will be explained as follows.  In addition, the vehicle incorporated a laser range sensor that was used for collision 284 avoidance purposes. Thus, if an obstacle, e.g. a field worker, was near to the robot, 285 then the vehicle stopped its motion until the obstacle was out of its range. In this 286 work, the safety range was set to 2 m. In Fig. 4 , the obstacle alert block managed the 287 obstacle detection procedure. If an obstacle was detected, then the obstacle alert 288 block had the maximum priority and interrupted the trajectory control motion until 289 the path was free for navigation. 290  The full load alert block indicated when the vehicle had to release its olive load. 291
Thus, using the previously planned path, the system re-planned its trajectory in order 292 to reach the shelter to release the collected olives, and then come back to continue 293 acting as a harvesting aid. This situation is explained in detail in section 2.3.2. It is 294 worth noting that, as the vehicle moved to/from the shelter, the obstacle alert was still 295 operating. 296 297
Path Management 298
The path management strategy for the olive grove environment shown in Fig. 3 is based on a  299 curly path generated along alleys based on previously available GNSS coordinates of the olive 300 grove, similar to that shown in Bochtis et al. (2010) . Due to the fact that the service unit had a 301 trailer attached to it, the path management avoided the generation of paths that could cause a 302 reverse movement of the vehicle. Therefore, no backward motion was considered (for the safety 303 of the vehicle). Figure 5 shows the general trajectory followed by the service unit during its 304 harvesting aid task. In Fig. 5 , the blue line is the path established for the harvesting process; the 305 service unit and its trailer must follow such a path. Although in this work, the path shown in Fig.  306 5 was used, other paths could also be applied since path planning is not the focus of this research. 307
The solid blue segments correspond to the portion of the path in which the service unit has to 308 perform the harvesting task. The dotted blue line represents the path where the vehicle was not 309 expecting olives to be deposited. The blue arrows determine the direction of movement along the 310 alley. It is worth mentioning that the path shown in Fig 
Path planning 402
The criteria used for managing the trajectories Ω Path 1 and Ω Path 2 in Algorithm 1 are 403 based on the harvesting needs of the process but without losing the path shape shown in Fig. 5 . 404
Briefly, 405
 Path 1 : used by the service unit to navigate through alleys performing harvesting aid tasks. 406  Path 2 : once the full load condition is detected, the vehicle should reach the shelter as 407 soon as possible, unload the olives and return to the point where the full load alert took 408 place to continue the harvesting process. Therefore, once the full load condition is 409 detected, and considering that, the vehicle should not move backwards, the systemcalculates the shortest path between the vehicle and the shelter following the general path 411 shown in Fig. 5 . In order to do so, a decision-based algorithm was implemented in order 412 to decide which branch of the path is more appropriate to take (Lavalle 2006 ). It is worth mentioning that in this research and for safety purposes, the maximum allowed 422 traction speed of the service unit was set to 0.5 m s-
. 423
Yield was expressed in mass of harvested olives and is obtained from the weight increments 424 in the continuous records of the load cell of the trailer. Three loading locations were established 425 in each alley and data from one row can be distinguished from the other (see Fig. 7) . 426
To determine the yield of each row section, coordinates of the left and right row sides were 427 averaged and, the olive masses were added. After this process, 78 points were obtained in an 428 approximately 6×25 m grid across the 1.25 ha grove. 429
These data was spatially interpolated on a 3 m grid basis within the boundaries of the plot 430 using an ordinary punctual krigging or Gaussian process regression based on a global variogram. 431
The process is executed using VESPER software (Minasny et al. (2005) ). 432 
Field Results 467
The experiments were carried out in the olive grove shown in Fig. 3 . The following 468 considerations were taken into account: 469  The path followed by the unmanned service unit and its trailer was the one shown in Fig.  470 
471
 The sampling time of the system was set to ∆ 0.1 seconds (pause in Algorithms. 1, 2 472 and 3) in Eqs. (10) and (11) As previously stated, due to energy resource restrictions, the service unit was able to perform 528 autonomously up to 8 h. However, such time was sufficient for harvesting the grove shown in 529 Fig. 11 . In fact, the service unit was able to harvest the entire grove in approximately 7 h. 530
According to field data, once collected, the human transportation of the olives to the shelter can 531 take up to 13 h if only the transportation time of the olives from their trees to the shelter is 532 considered as being performed by the usual human labour force of 5 field workers ha The 78 data points for mass harvested had moderate variability (CV = 10.30%). However, this 541 variability justified a spatial analysis to try to establish whether there is a pattern in the 542 distribution of yield across the grove and whether it can be classified into different classes. An 543 exponential model was adjusted to the variogram and the yield map obtained is shown in Fig.13  544 a; the interpolated data maintained the same average value but presented a lower variability (CV 545 = 2.62%) and a shorter range. While most of the grove showed an average yield, there were 546 clearly delimited areas presenting lower (red) and higher (blue) yield values. Figure 13b . However, such improvements could be lower if more field 556 workers were assigned to the harvesting process. Nevertheless, this contradicts the 557 current agricultural situation in Chile, as stated earlier. 558 2. In the harvesting navigation strategy, once the system detects a full load situation, the 559 service unit drives to the shelter to unload the olives. Despite the fact that the experiments 560
showed an improvement of 42 -45% in the harvesting time better results might be 561 obtained if instead of unloading the olives at the shelter, the full load trailer is left 562 alongside the grove (see Fig. 5 ) and an empty trailer is attached to the service unit. 563 3. In the experiments, only one passive trailer was used for harvesting. Considering that the 564 service unit is able to tow up to 300 kg, then harvesting times should capable of further 565 improvement if more than one trailer is used. In this scenario, since trailers are passive, 566 the path tracking control approach shown here would be the same, as well as trajectory 567 reference generation, since no extra restrictions are added into the robot's holonomy. 568
However, the full load condition should be updated if an extra trailer is added. and it can be implemented on a service unit with more than a single trailer without changing its 612 formulation. In addition, given the algebraic nature of the proposed trajectory controller, a re-613 sampling trajectory approach was also implemented, in order to avoid actuator saturation 614 problems while reaching the service unit's shelter. 615
The implementation results shown in this work demonstrated the application of the controller in 616 service units for agricultural tasks. In particular, the example of an unmanned service unit 617 navigating within an olive grove while performing harvesting tasks was presented. The proposed 618 navigation strategy used the trajectory tracking controller to perform the harvesting tasks 619 successfully. The navigation strategy was divided into three main stages: navigation while 620 collecting olives, navigation to unload the collected olives and the reaction to obstacles while 621 moving within the field. The first stage was associated with the load of olives into the passive 622 trailer as the service unit navigated among alleys at a low speed. The second stage was 623 associated with the full load condition: the trailer reached the maximum amount of olives.Therefore, the service unit re-planned its trajectory in order to reach the shelter as rapidly as 625 possible, where the olives were unload, and then it returned to the harvesting task. The third 626 stage was associated with the protection of the integrity of the vehicle and the field workers: the 627 unmanned service unit stopped its motion if a field worker, or an obstacle, was near the vehicle's 628 local navigation space. 629
Several field experimental results associated with the proposed case study have been 630 presented herein, validating the proposal. Despite of the fact that the terrain used during the 631 experiments presented rocks and depressions and that, during the experiments, the GNSS signal 632 was lost in some parts of the navigation, the trajectory controller and the navigation strategy 633
were sufficiently robust to perform the harvesting task. On the other hand, the availability of the 634 geo-referenced weights of harvested olives in a continuous way by the combined work of a 635 GNSS and the trailer's load cell provides an easy, efficient and reliable way to build yield maps. 636
This feature could be a very relevant added value to the service unit which has been developed 637 allowing the farmer the implementation of precision agriculture techniques to improve the 638 results. new research study, since olives could enter store more rapidly using the service unit than with 644 manual labour. Such improvements in the collecting time could reduce the exposure of olives (or 645 similar fruits) to climatic changes until they are stored. This might be reflected in an 646 improvement in crop quality. 
